A periplasmic flagellin gene, BaB, of Leptospira interrogans serovar pomona (strain Pomona) was expressed in Escherichia coZi for the production and antigenic characterisation of the protein. The flaB structural gene, which was previously cloned into pUC118, was derived by PCR from the recombinant plasmid and used to generate an expression construct with the trc promoter-driven pProEx HT system. Under the conditions employed, the flaB was expressed as inclusion bodies formed within E. coZi, yielding c. 120 mg of the recombinant protein/L of culture. A polyhistidine tag introduced at the amino-acid terminus of the FlaB protein allowed for the purification of the protein by nickel-chelate affinity chromatography. The expressed protein reacted with both mouse and bovine antisera to L. interrogans on Western blots, indicating that it could be of use in the diagnosis of leptospirosis. The recombinant leptospiral flagellin may also be of value in studying its role in the pathogenesis of leptospirosis.
Introduction
Leptospirosis is a zoonosis caused by pathogenic serovars within the genus Leptospira. It is a spirochaetal disease of both animals and man, causing abortion, stillbirth, infertility, decreased milk production, and sometimes death in domestic livestock [I] . Infection in man is not common except in tropical regions and occurs mostly through occupational or accidental contact with infected animals or through the ingestion of water contaminated with their urine [2, 31. The control of leptospirosis relies on serological identification of infected animals with crude or purified antigens, or both, exhibiting a varying degree of diagnostic sensitivity. Leptospiral antigens (proteins, carbohydrates, lipids) are isolated from whole organisms or fractions thereof [4-lo] . Such procedures present a potential health hazard in handling infectious live organisms, the difficulty of producing a large quantity of leptospires and a complication in purifying the antigens to homogeneity. Recombinant DNA technology offers an alternative approach to overcome such problems encountered during the preparation of leptospiral antigens for diagnostic purposes.
Pathogenic leptospires, previously classified as one species (Leptospira interrogans), are now subdivided into seven species: L. borgpetersenii, L. inadai, L. interrogans, L. kirschneri, L. noguchii, L. santarosai and L. weilii, on the basis of DNA relatedness [ [25] .
A structural role has been proposed for the N-terminal and C-terminal regions of a flagellin, i.e., they point into the interior of the filament to form a hairpin loop structure with exposure of the central part on the outer surface of the filament [26, 271 . The terminal regions are also believed to be involved in filament assembly [28-301. Comparison of the serovar pomona FlaB with flagellins from various bacterial species showed that the central region is the most variable in amino-acid sequence [25] . In contrast, the FlaB proteins are highly conserved among the pathogenic Leptospira serovars and do not appear to contain serovar-specific determinants in the central regions of the proteins [31] . According to the structural model proposed by Homma et al. [26] and Namba et al. [27] , it has been suggested that the variable central region exposed on the outer surface of the filament is involved in the induction of a species-specific immune response in an infected host [25, 32] . Thus, expression of a JEaB gene in a heterologous host will provide a valuable protein material in large amounts for evaluation of its diagnostic potential, study of its roles in pathogenesis and immunity, and elucidation of its structure and function. An earlier study cloned and sequenced the flaB gene of strain Pomona [25] . In the present, a gene construct was generated with a pProEx HT vector to express the pomona JEaB in Escherichia coli. Purification and antigenic characterisation of the recombinant FlaB protein are reported as a part of the initial investigation aimed at the application of this protein as an immunological reagent in the detection of leptospira1 infection.
Materials and methods

Chemicals, vectors and bacterial strains
Isopropyl-P-D-thiogalactoside (IPTG), phenylmethylsulphony1 fluoride (PMSF) and ampicillin were purchased from Sigma. Taq DNA polymerase, protein expression vectors (pProEx HT) and E. coli DH5a competent cells were obtained from Life Technologies (Burlington, Ontario, Canada). Deep Vent DNA polymerase, restriction endonucleases, the M 13/pUC reverse primer (5 'AGCGGATAACAATTTCACACAGG3 ') and other molecular biology reagents were purchased from New England Biolabs (Mississauga, Ontario, Canada). Nickel-nitrilotriacetic acid (Ni-NTA) agarose and monoclonal anti-histidine tag antibody (anti-His MAb) were supplied by Qiagen (Santa Clarita, CA, USA). All other chemicals were of commercially available analytical grade.
Construction of expression vector
All DNA manipulations were performed according to established procedures [33] . The JEaB gene was derived by PCR from pUCll8pomFla-1 [25] with a thermostable DNA polymerase mixture of Taq and Deep Vent as described previously [3 11 with the primers ( 5 'ACAGGATCCATGATTATCAATCACAACCT3 '
and S'GTGGAGCTCTCAGATGTGCTGCAGAAGCT-T3', which have the BamHI or SacI restriction sites incorporated at their 5 ' ends (underlined). The PCRamplified JEaB gene was inserted as a sticky-ended fragment into the BamHI and Sac1 cloning sites of pProEx HT. The recombinant plasmid thus constructed, designated pHTFlaB, was used to transform the expression host E. coli strain DH5a to ampicillin resistance. The presence of an insert in recombinant plasmids was confirmed by double digests with BarnHI/SacI. The pHTFlaB was sequenced as previously described [25] with the MI 3/pUC reverse primer (5 'AGCGGATAACAATTTCACACAGG3 ') to ensure that the JEaB gene was in-frame at the fusion point.
SDS-PAGE and Western blotting
SDS-PAGE was performed by the method of Laemmli [34] with stacking 4% gels and resolving 12% gels in a mini-gel apparatus (BioRad, Mississauga, Ontario, Canada) [35] . The separated proteins were either stained with Coomassie Blue or analysed by Western blots [35] probed with mouse or bovine polyclonal antisera to L. interrogans. Immunostaining was done with an alkaline phosphatase or horseradish peroxidase substrate kit (BioRad).
Expression of the JlaB gene in E. coli
The cells harbouring pHTFlaB were cultured at 37°C in 10 ml of Luria-Bertani broth supplemented with ampicillin 100 ,ug/ml. After growth to an A595 of between 0.6 and 1.0, the culture was induced to express the recombinant protein by addition of 0.6mM IPTG. The level of protein expression was monitored over a time course of 3 h by SDS-PAGE. For routine purification of the recombinant FlaB protein, a 500-ml culture was grown. After induction with IPTG for 2 h, cells were harvested by centrifugation at 10 000 g for 20 min. The cell pellets were stored frozen (-80°C) until used.
Analysis of solubility of the expressed protein
The IPTG-induced cell pellets (c. 2 g fresh weight) were resuspended in 10 ml of phosphate-buffered saline (PBS) containing 1 mM PMSF and passed through a French press cell at 14 000 psi. The homogenate was collected and centrifuged at 27 000 g for 30 min. The whole cell extract, supernate and insoluble fractions (pellets) were analysed by SDS-PAGE for the presence of the expressed protein.
Purification of the recombinant FlaB protein
The buffers used in protein purification were buffer A (8 M urea, 0.1 M Na2HP04, 1 mM PMSF and 0.01 M Tris-HC1, pH 8.0), buffer B (8 M urea, 0.1 M Na2HP04, 1 M NaCl and 0.01 M Tris-HC1, pH 6.3) and buffer C (8 M urea, 0.1 M Na2HP04, 1 M NaCl and 0.01 M Tris-HC1, pH 5.9).
Frozen cells (c. 2 g fresh weight) were resuspended in 10 ml of buffer A with stirring at room temperature for 1 h and then at 4°C overnight. The cell extract was centrifuged at 30 900 g for 40 min. The supernate was collected and loaded, at 0.5 ml/min, on to a Ni-NTA agarose column (1 X 7.5 cm) that had been preequilibrated with buffer A. The column was serially washed with 40 ml of buffer A, 40 ml of buffer B and 40 ml of buffer C. Proteins were eluted from the column with 80 mM imidazole in buffer C. Fractions (2 ml) were collected and the absorbance was monitored at 280 nm. Peak fractions were pooled and stored at -20°C. The protein concentration was determined by the method of Bradford [36] , with bovine serum albumin as the standard reference protein.
Protein N-terminal amino-acid sequencing
The affinity-purified recombinant protein preparation was separated by SDS-PAGE and electroblotted on to a polyvinylidene difluoride membrane. Protein N-terminal amino-acid sequence was determined by Edman degradation with a Model 470A gas-phase sequencer equipped with an on-line model 120A PTH analyser (Applied Biosystems, Foster City, CA, USA).
Results and discussion
Expression of L. interrogans JEaB gene
PCR amplification of pUCl18pomFla-1 [25] gave a product of 870 bp, comprising the JEaB structural gene and a restriction endonuclease recognition sequence at each end to allow cloning into the vector, pProEx HT; this plasmid contains the lac14 gene, thereby enabling IPTG-induced expression of the inserted gene from the trc promoter. By inserting the JEaB structural gene downstream in frame with the initiation codon of a coding sequence for MSYYHHHHHHDYDIPTTEN-LYFOGAMGS -underlined are a six-histidine tag and a Tobacco Etch Virus (TEV) protease cleavage site, respectively -an expression vector (designated pHTFlaB) producing a FlaB fusion protein with a polyhistidine tag at the N-terminus was constructed. The histidine tag facilitates affinity purification of the desired protein and may be removed by proteolysis with TEV protease.
Expression of the L. interrogansJEaB gene in E. coli was followed for 3 h by SDS-PAGE after the addition of IPTG (Fig. 1) . Upon induction, a strong protein band of c. 31 kDa was seen; this was slightly smaller than the predicted size of the FlaB fusion protein (34.686 kDa). This protein was detected on Western blots probed with anti-His MAb (data not shown). The non-induced cells containing pHTFlaB (Fig. 1, lane 2) and the non-induced or induced cells harbouring pProEx HT (not shown in Fig. 1 ) showed no protein band in this region. Therefore, these results indicated expression of the recombinant protein. Differences between the apparent and deduced molecular masses of proteins have been generally recognised; possibly molecular mass estimation with SDS-PAGE is not precise. Maximal expression of the recombinant protein was seen after induction for 2 h (Fig. 1, lane 4) . To determine whether FlaB was expressed as a soluble or insoluble protein, cells were disrupted with a French press and both soluble fraction and pellets were analysed by SDS-PAGE. The expressed protein was not seen in the culture supernate (Fig. 2, lane 1) or in the soluble cellular fraction (lane 4), but was present in the insoluble fraction (lane 3). This suggested that the recombinant protein had formed inclusion bodies within the the cytoplasm of E. coli.
PurlJication and antigenic characterisation of the recombinant FlaB protein
Because it was expressed in an insoluble form within E. coli, the recombinant FlaB was purified under denaturing conditions. The recombinant protein, extracted and solubilised from the cells with urea, was purified by affinity chromatography on a Ni-NTA agarose column. SDS-PAGE analysis of the final preparation of the recombinant protein showed a purity of >%YO (Fig. 3) . The purified 31-kDa protein was analysed by N-terminal amino-acid sequencing, which confirmed it as the FlaB fusion protein. An additional minor protein band of 35-kDa was present in the FlaB fusion protein preparation (Fig. 3, lane 5) . This copurifying 35-kDa protein is believed to be a partially denatured form of the FlaB fbsion protein because it reacted with a mouse polyclonal antiserum to L. interrogans (Fig. 4a, lane 2) . Assuming 100% recovery of the FlaB protein from affinity chromatography and interrogans FlaB protein expressed in E. coli. The sample was prepared as described in Materials and methods. Cells containing pHTFlaB were induced with IPTG for 2 h, disrupted with a French press, and analysed by SDS-PAGE (12%) for soluble and insoluble proteins. Lane 1, culture supernate; 2, proteins from noninduced cells; 3, proteins from the insoluble fraction; 4, proteins from the soluble fraction; 5 , molecular mass standards.
95% purity in the final FlaB preparation, it was estimated that expression of the jiaB gene in E. culi yielded c. 120 mg of the recombinant protein/L of cell culture. Thus, the expression construct pHTFlaB, in combination with one-step affinity chromatography, resulted in a large quantity of purified recombinant FlaB protein. The recombinant leptospiral flagellin may be of value in developing a recombinant protein-based serodiagnostic test and in studying its roles in pathogenesis and immunity.
The serovar pomona FlaB was previously shown to react with a specific mouse MAb and antisera from leptospire-infected cattle [25] . To evaluate the antigenicity of the expressed FlaB protein, whole cell extract prepared from the IPTG-induced cells harbouring pHTFlaB was analysed by Western blots which were probed with mouse polyclonal antiserum directed against strain Pomona. As shown in Fig. 4a (lane 2) , mouse antiserum detected a protein band of 31 kDa, which was previously confirmed to be the recombinant FlaB fusion protein by Western blots with anti-His MAb and by N-terminal amino-acid sequencing. The affinity-purified recombinant protein was further analysed by Western blotting with field sera from cattle infected (1 3 animals) or not infected with (12 animals) with L. interrugans. The antisera from all infected animals used were capable of recognising the recombinant FlaB, whereas the sera from non-infected animals did not show specific immunological reaction with the protein. Fig. 4b illustrates representative results for four infected (lanes 1-4) and four non-infected (lanes 5-8) animals. It may also be noted that an ELISA with the purified protein immobilised on the plate gave results consistent with the Western blotting data. All these results indicate that the recombinant protein is immunologically active and is similar in antigenicity to the native protein. Thus, the recombinant FlaB may be a useful reagent for the serological detection of infection with pathogenic leptospires, particularly in an ELISA format. Spirochaetal gene expression studies have mostly centred on Borrelia burgdorferi [32, [37] [38] [39] [40] [41] [42] and Treponema pallidum [21, , and there have been limited studies on leptospires. For example, Yamaguchi et al. [50] and Doherty et al. [51] demonstrated the expression in E. coli of leptospiral antigen genes by using specific antisera on colony immunoblots, although the sequence identity of these genes was not determined. More recent studies on the expression of genes of pathogenic Leptospira spp., including those coding for surface proteins OmpLl and LipL41 [52, 531 and a periplasmic flagellin of serovar grippotyphosa [24] , have been reported. The present study has extended the previous work by showing another example of expression in E. coli of a leptospiral antigen gene, i.e., the serovar pomona JaB, and by reporting purification and antigenic characterisation of the recombinant product.
In summary, an expression construct, pHTFlaB, has been generated for effective production of a leptospiral flagellin protein (FlaB), in E. coli. Antigenic characterisation of the recombinant protein indicates that it may have value in the serodiagnisis of leptospirosis.
